A genetic element that allows the positive selection of different genomic rearrangements was used to analyze DNA amplification in Rhizobium leguminosarum biovar phaseoli. Discrete amplifiable DNA regions (amplicons) were detected in different regions of the genome of the model strain CFN42, including the chromosome and several large plasmids. Amplicons were mobilized into Escherichia coli using a genetic approach that involves the introduction of an origin of replication active in E. coli and an origin of conjugal transfer into the amplifiable DNA regions ofthe Rhizobium genome. The strategy can be a valuable tool for studies on genome organization and function. We propose that amplicons define a structural characteristic of the genome that may play an important biological role.
Rhizobium species have stimulated scientific interest due to their ability to interact with plants establishing nitrogenfixing symbioses. The genome ofdifferent Rhizobium species contains a large amount of reiterated DNA sequences that include complete operons, specific genes, regulatory sequences, and insertion sequences (for review, see ref. 1) . Presumably due to the presence of reiterated DNA sequences, the genome of some Rhizobium strains is subjected to frequent genomic rearrangements (2) (3) (4) (5) .
We have recently constructed a genetic element (the GDYN1 cassette) that allows the positive selection of different types of genomic rearrangements (5) . This element contains the kanamycin/gentamycin and spectinomycin/ streptomycin resistance markers from plasmid pSa. In Rhizobium leguminosarum biovar phaseoli (R. phaseoli), the symbiont of the common bean plant Phaseolus vulgaris, these genes confer resistance to high levels of spectinomycin and to low levels of kanamycin. Because the level of kanamycin resistance increases with gene dosage, the element provides a positive selection system to detect variants with amplified DNA regions. The GDYN1 cassette was used to demonstrate high-frequency amplification and deletion events of a 120-kb region located in the symbiotic plasmid of R. phaseoli (5) .
In the present study we used a GDYN1 derivative to analyze gene amplification events in different regions of the genome ofR. phaseoli strain CFN42, including the chromosome and several large plasmids. Discrete amplifiable DNA regions, referred to here as amplicons, were identified and mobilized from R. phaseoli to Escherichia coli by an in vivo genetic procedure.
MATERIALS AND METHODS
Construction of TnS-GDYNl. This transposon derivative was constructed by in vitro manipulation of the TnS insert in pSUP2021, which is a mobilizable pBR325 derivative (6) . The central Bgl II-Bgl II fragment of TnS in pSUP2021 was replaced by a 5.7-kb BamHI-BamHI fragment of pGUS3 (5) , carrying the GDYN1 cassette. After ligation, the mixture was transformed into E. coli HB101, selecting for recombinant plasmids in LB medium containing chloramphenicol and spectinomycin. Colonies resistant to chloramphenicol and spectinomycin that showed sensitivity to sucrose were screened for plasmids with the desired restriction pattern, and one of these was named pDR21.
Strains and Genetic Manipulations. All R. phaseoli strains used were derived from wild-type CFN42, which is naturally resistant to nalidixic acid (7) . Derivatives containing TnS-GDYN1 insertions were obtained by mating E. coli S-17 strain containing plasmid pDR21, which carries the transposon, with R. phaseoli strain CFN42 and selecting transconjugants resistant to nalidixic acid and spectinomycin. Strains CFNX201, CFNX207, CFNX209, and CFNX211 contain TnS-GDYN1 in plasmid a (pa (3) . Plasmid profiles were obtained by the in-gel lysis method of Eckhardt (8) , blotted onto nitrocellulose, and hybridized similarly. Probes were labeled with 32P by the nick-translation procedure (9) . To quantify DNA amplification, blots were hybridized against a mixed probe containing
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Proc. Natl. Acad. Sci. USA 90 (1993) 4933 the transposon and a 300-bp fragment of R. phaseoli ribosomal DNA (10) obtained by PCR. Blots were subjected to autoradiography, and signals were integrated by scanning densitometry.
RESULTS
Selection for Gene Amplification Events. The TnS-GDYN1 was randomly introduced into R. phaseoli strain CFN42 as described in Materials and Methods. Derivatives containing the transposon were selected by their resistance to spectinomycin. The genome of CFN42 contains a chromosome and six large plasmids (pa-pf) ranging in size from 150 to 600 kb; pd (390 kb) has been identified as the symbiotic plasmid (11, 12 Characterization of DNA Amplification Events. Fig. 1 presents the analysis of three different amplification events from insertions in pa (A), in pd (B), and in the chromosome (C), respectively. In A-C, lanes 3 and 4 show the hybridization of genomic Southern blots from the original insertion and the amplified variant, respectively, against the ribosomal DNA/ TnS-GDYN1 mixed probe; the estimated amplification level is indicated. In all cases the amplified BamHI fragment corresponding to the insertion of TnS-GDYN1 was of the same size as that of the original insertion. This result suggests that the transposon sequence is not participating as an endpoint of the amplified regions. Lanes 1 and 2 show the total DNA patterns stained with ethidium bromide. The patterns of the original insertions were not distinguishable from each other (lanes 1) or from the pattern of the wild-type strain (data not shown). In contrast, the pattern of clones bearing amplified regions (lanes 2) revealed some differences specific to each amplified strain.
To further analyze location and extent of the amplified genomic regions, purified plasmids of strain CFN42 were used as probes to hybridize against genomic Southern blots of all the original insertions and amplified variants. In addi- tion, plasmid profiles were analyzed by Eckhardt-type gels, and blots of such gels were hybridized with the purified plasmids. The different plasmids were purified from Agrobacterium tumefaciens transconjugants containing pa, pb, pc, pd, or pf, as described (13); pe was not used in these experiments. The original nonamplified strains carrying the insertions showed no differences among them or with the Genetics: Flores et al. Proc . Natl. Acad. Sci. USA 90 (1993) wild-type strain, except for the hybridization due to the presence of the transposon (data not shown). Amplified variants showed specific differences in the plasmid profiles or hybridization patterns; these differences were limited to the particular replicon in which the original TnS-GDYN1 insertion was present.
In the amplifications derived from original insertions in pa (Fig. 1A ) or in pd (Fig. 1B) the Southern blot hybridization using the corresponding plasmid as probe showed an increase in the intensity of some BamHI fragments (see arrows in lanes 6). This result suggests an amplification of a discrete region of pa or pd. The plasmid profile showed the absence of the corresponding plasmid in its original position (lanes 7). When the purified plasmids were used as hybridization probes against the plasmid profiles, structures larger than the corresponding plasmid were revealed in the amplified strains (lanes 8). Interestingly, structures of smaller size than the original plasmids were also revealed (see below).
In the amplification derived from an insertion in the chromosome (Fig. 1C) , a remarkable difference was evidenced by hybridization of the plasmid profile against the transposon probe (Fig. 1C, lane 8) : a ladder of structures of different sizes was revealed. These structures, as well as those shown in Fig. 1 A and B (lanes 8), might be derived from recombination events in tandemly amplified regions that generate monomers or multimers of the amplified unit. The presence of such structures suggested an experimental strategy to clone Rhizobium amplicons in E. coli.
In Vivo Cloning of Amplified DNA Sequences from R. phaseoli into E. coli. The rationale of the strategy to clone complete amplicons in E. coli is based upon the possibility that amplified regions are dynamic structures that, by homologous recombination in any site along the amplified unit, may generate structures containing the whole unit, either in a monomeric or in a multimeric form. If an origin of replication active in E. coli and an origin of conjugal transfer (Mob element) are introduced in such structures, the amplicon sequences might be transferred by conjugation and established in E. coli as a plasmid.
The structures involved in the approach used to clone R. phaseoli amplicons are schematized in Fig. 2 . Rhizobium strains harboring amplifications of discrete DNA regions were used as recipients for conjugation with an E. coli strain containing plasmid pSUP5011 (6) . This plasmid has a TnSMob element, which contains a neomycin-resistance marker, and pBR325, which has the origin of replication and a chloramphenicol-resistance gene. Each unit in the amplified region of the Rhizobium strain contains the TnS-GDYN1 element that confers resistance to spectinomycin; the R. phaseoli strain used is resistant to nalidixic acid. To obtain Rhizobium derivatives containing both the Mob element and the origin of replication in the amplified region, transconjugants resistant to nalidixic acid, spectinomycin, neomycin, and chloramphenicol were selected. Such an antibioticresistance pattern is compatible with cointegration of the complete pSUP5011 sequence with the TnS-GDYN1 by a recombination event mediated by the homologous regions shared by both elements (the insertion sequences of Tn5).
The Rhizobium transconjugants were then used as donors for conjugation into a recipient E. coli strain resistant to erythromycin in a triparental cross that included HB101 containing pRK2013 (14) . E. coli transconjugants resistant to erythromycin, spectinomycin, neomycin, and chloramphenicol were selected; such transconjugants contain the sequences from both TnS-Mob and TnS-GDYN1, as well as the Rhizobium DNA sequences corresponding to the amplicon.
The experimental approach described was applied to strains harboring amplifications of discrete DNA regions in pa (CFNX202, CFNX208, CFNX210, and CFNX212), in pd , Rhizobium sequences within amplicon; ---, Rhizobium sequences outside amplicon; -, sequences from TnS-GDYN1 or pSUP5011; _, insertion sequences from TnS-GDYN1; a, insertion sequences from pSUP5011. Sp, spectinomycin; Neo, neomycin; Clm, chloramphenicol; Ori, origin of replication.
(CFNX204), and in the chromosome (CFNX206A). To determine whether the E. coli transconjugants contained genomic sequences from R. phaseoli, extrachromosomal DNA from the transconjugants was isolated by an alkaline lysis method, and the preparations were used as hybridization probes against genomic Southern blots of the wild-type CFN42 strain and its derivatives. The DNA preparations from E. coli showed specific hybridization patterns depending on the starting Rhizobium strain (see below).
Complete Amplicon Sequences Are Transferred to E. coli. As shown (Fig. 1, lanes 6 ) the extension of an amplified DNA region can be revealed using the whole replicon where the amplification occurs as a hybridization probe against genomic Southern blots of the original strains and the amplified derivatives. The restriction fragments corresponding to the amplified unit increase in intensity in the amplified strain. Four amplification events derived from different Tn5-GDYN1 insertions in pa were analyzed. Hybridization against pa revealed different sets of amplified fragments (Fig.  3 A-D ). This result indicates that different amplicons are present in a single replicon. The protocol described to transfer amplicon sequences to E. coli was applied to the four strains. The extrachromosomal DNA isolated from each of the corresponding E. coli strains was used as hybridization probe against the Rhizobium strain containing the amplification. In all cases the fragments revealed as amplified were the same using as hybridization probe either the whole pa or the E. coli DNA (Fig. 3 A-D) . These results indicate that complete amplicon sequences were transferred from Rhizobium to E. coli.
To appreciate the amplified fragments for the amplification in the chromosome, strain CFNX206 was cultured in the presence of higher concentrations of kanamycin, up to 1 mg/ml. A strain resistant to these concentrations (CFNX206A) presented an amplification factor of =60, and the amplified fragments were clearly revealed in the total DNA fingerprint. The in vivo cloning procedure was applied to this strain. When the DNA isolated from E. coli was used as probe, the same bands as those that increased in intensity in the total DNA fingerprint were revealed (Fig. 3E) . This result indicates that the whole amplicon sequence was transferred to E. coli.
In Vivo Cloning of a 120-kb nod nif Amplicon from R. phaseoli inE. coli. We have recently reported (5) that a 120-kb region of the symbiotic plasmid (pSym) of R. phaseoli is subjected to amplification and deletion events at high frequency. This region contains several nodulation (nod) and nitrogen fixation (nif) genes and has as endpoints directly repeated sequences that correspond to the two nitrogenase operons present in this plasmid (15) .
The physical map of the pSym of strain CFN42 has been recently established (15) . This map allowed us to analyze the DNA region cloned in E. coli from strain CFNX204. Overlapping cosmids covering the whole structure of the pSym were digested with BamHI, subjected to agarose gel electrophoresis, and blotted onto nitrocellulose. The blots were hybridized with the DNA cloned in E. coli from strain CFNX204. In this experiment 16 overlapping cosmids covering the whole structure of pSym (15) were analyzed. The structure of the pSym derived from the work of Girard et al. (15) is schematized in Fig. 4A (Fig. 4C ) by hybridization against a probe that corresponds to a 300-bp sequence internal to nif gene H. The wild type (data not shown) and the strain containing the original insertion (CFNX203) revealed three fragments corresponding to the two nitrogenase operons (fragments 1 and 25) and to a third nifH gene (fragment 10 of 3.8 kb). As expected, the amplified strain (CFNX204) revealed the recombinant fragment (labeled R); this fragment and fragment 10 (which is internal to the amplicon) were amplified whereas fragments 1 and 25 remained in single copy. These data indicate that the amplification event in strain CFNX204 is similar to that reported by Romero et al. (5) and that the whole region was transferred from Rhizobium to E. coli.
DISCUSSION
Gene amplification is a common phenomenon in both higher organisms (16) and microorganisms (17) . The use of the GDYN1 element, either as a cassette (5) or as a transposon (this paper), greatly facilitates the analysis of DNA amplification events.
The genetic strategy presented in this paper provides an experimental approach for the identification and in vivo cloning of DNA regions that have the potential to be amplified as a unit (amplicons). In the six cases analyzed, complete amplicon sequences were transferred to E. coli. In addition to the biological significance that amplicons may have, the genetic approach presented here might be a valuable tool for the isolation and analysis of discrete DNA regions and for studies on genome organization and function.
The presence of amplicons seems to be a general characteristic of the R. phaseoli genome. We have identified amplicons in the chromosome and in several large plasmids. Amplicons vary in size from a few kilobases, as that present in the chromosome and revealed in strain CFNX206A, to >100 kb, as for the nod nifamplicon of the pSym revealed in strain CFNX204. Furthermore, the analysis of several TnS-GDYN1 insertions in pa revealed the existence of different amplicons in a single replicon. We have also identified amplicons in different regions of the genome of Rhizobium leguminosarum biovar trifolii (unpublished data).
We propose that amplicons define a structural characteristic of the genome. The basic elements are the DNA sequences that provide recombination points for amplification events. The frequency at which the amplification event occurs might be an intrinsic characteristic of the sequences involved in the recombination. 
